Living on the edge: Space use of Eurasian red squirrels in marginal high-elevation habitat. by Romeo, C. et al.
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution
and sharing with colleagues.
Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.
In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information





Living on the edge: Space use of Eurasian red squirrels in marginal
high-elevation habitat
Claudia Romeo, Lucas A. Wauters*, Damiano Preatoni, Guido Tosi, Adriano Martinoli
Dipartimento Ambiente, Salute, Sicurezza (DASS), Università degli Studi dell’Insubria, Varese, Via J.H. Dunant 3, I-21100 Varese, Italy
a r t i c l e i n f o
Article history:
Received 10 March 2010
Accepted 7 September 2010









a b s t r a c t
In marginal habitats located at the edge of a species’ range, environmental conditions are frequently
extreme and individuals may be subject to different selective pressures compared to central populations.
These so-called edge or marginal populations tend to have lower densities and reproductive rates than
populations located in more suitable habitats, but little is known about local adaptations in spacing
behavior. We studied space use and social organization in a population of Eurasian red squirrels (Sciurus
vulgaris) in a high-elevation marginal habitat of dwarf mountain pine (Pinus mugo) and compared it with
spacing patterns in high-quality Scots pine (Pinus sylvestris) forest at lower-elevation. Home ranges and
core areas were larger in the marginal habitat. In both habitats, males used larger home ranges than
females, but sex differences in core area size were signiﬁcant only in the edge population. Patterns of
core area overlap were similar in both habitats with intra-sexual territoriality among adult females and
higher degrees of inter-sexual overlap, typical for the species throughout its range. However, low
densities in the edge population resulted in higher female by males overlap in spring-summer, sug-
gesting males increased home ranges and core areas during mating season to augment access to estrus
females. Thus, in the marginal habitat, with low food abundance and low population densities, linked
with extreme winter conditions, squirrels, especially males, used large home ranges. Finally, squirrels
responded more strongly to variation in food availability (inverse relation between home range size and
seed abundance), and even to ﬂuctuations in density (inverse relation between core area size and density
of animals of the same sex), in the marginal than in the high-quality habitat, suggesting high behavioral
plasticity to respond to the ecological constraints in marginal habitats.
 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction
Limits to species’ distribution can be imposed by geographical
barriers or, more often, by ecological conditions that become sub-
optimal for their survival. Hence, in so-called ‘marginal habitats’
located at the border of a species’ range, environmental conditions
are frequently extreme and individuals are subject to different
selective pressures compared to central populations (reviewed in
Kawecki, 2008).
Populations living in such marginal habitats at the edge of the
species’ distribution are often referred to as edge populations (or
marginal populations). They are usually sink-populations
(reviewed in Dias, 1996) that have lower densities and reproductive
rates than populations located in more suitable habitats (Vucetich
and Waite, 2003; Sagarin et al., 2006), and are therefore more
affected by small changes in ecological factors (Gonzalez-Megias
et al., 2005; Manier and Arnold, 2005). On the other hand, if
these populations are enough isolated and immigration and gene
ﬂow are reduced, they can develop local adaptations to such
extreme habitats, diverging from central, source-populations
(Garcia-Ramos and Kirkpatrick, 1997; Kirkpatrick and Barton, 1997;
Case and Taper, 2000; reviewed in Kawecki, 2008). For both these
reasons, studying marginal populations can be very interesting to
understand contraction and expansion mechanisms of geographic
ranges and, in general, species’ response to climate and habitat
alterations (Thomas et al., 2001; Wiens and Graham, 2005;
Parmesan, 2006).
Several studies explored variability in vertebrate’s population
dynamics along altitudinal or latitudinal gradients and compared
vital rates of central and marginal populations (e.g. Spencer and
Steinhoff, 1968; Millar and Innes, 1985; Zammuto and Millar,
1985; Ferguson and McLoughlin, 2000; Badyaev and Ghalambor,
2001; García and Arroyo, 2001), but few have focused on behav-
ioral adaptations in edge populations involving space or habitat use
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(Smith, 1974 on pikas; Mehlman, 1989 on primates; Sound and
Veith, 2000 on western green lizards; Caudron et al., 2001 on
grey seals; Sunde et al., 2001 on Tawny owls).
The aim of this study was to investigate space use by Eurasian
red squirrel (Sciurus vulgaris) in a high-elevation forest with low
resource abundance (Rodrigues et al., 2010) in order to understand
if living on the edge can affect species’ spatial behavior. Eurasian
red squirrel is a widespread arboreal mammal that exploits a wide
variety of forest habitats along a wide geographical ranges (Lurz
et al., 2005). Species’ demography, social behavior and space use
are strongly affected by its main food resource, tree seeds, whose
availability is highly variable in seasons and years (Wauters and
Dhondt, 1992; Wauters and Lens, 1995; Lurz et al., 2000; Wauters
et al., 2004; Boutin et al., 2006; Zong et al., 2010). We collected
radio-tracking data and estimated food availability in two pop-
ulations living in different conifer forests. One is an edge population
located at the upper elevation limit of squirrel’s distribution in
a dwarf mountain pine (Pinus mugo Turra) wood with extreme
weather conditions (Rodrigues et al., 2010) hereinafter called
mountain pine forest; the second one is a high density population
(Wauters et al., 2008) in a lower-elevation, montane Scots pine
(Pinus sylvestris) forest (hereinafter called Scots pine forest).
In studies carried out in single sites, spatio-temporal variation in
squirrel home ranges is negatively correlated with the availability
of tree seeds (e.g. Lurz et al., 2000; Wauters et al., 2005; Di Pierro
et al., 2008). Therefore, we predict that in mountain pine forest,
where food availability is lower, squirrels have larger home ranges
and core areas than in Scots pine forest. We explore the partial
effects of food availability and (intra-sexual) squirrel densities on
home range (core area) size in both habitats.
2. Materials and methods
2.1. Study area
We studied red squirrels and counted cones at two study sites in
the central Italian Alps, Lombardy, N. Italy. Distance between the
two areas is 11 km. Cancano (CAN the mountain pine forest,
46330N, 10150E, elevation from 1940 m to 1970 m a.s.l.) is located
in the Stelvio National Park in a high-elevation valley. The study site
(60 ha, mean tree density  SD¼ 2888 1128 trees ha1) is almost
entirely composed of a homogeneous dwarf mountain pine
(P. mugo Turra) subalpine woodland. P. mugo seeds, representing
the major and almost unique food resource for squirrels, mature
inside small cones in September and are dispersed bywind the next
spring. Mean energy content per cone is 5.9 kJ (our unpubl. data).
The second study site, Oga (OGA, the Scots pine forest,
46280N, 10220E, elevation from 1280 m to 1450 m a.s.l.), is part
of a mature mixed montane conifer forest (47 ha, mean tree
density  SD ¼ 765  251 trees ha1), dominated by Scots pine
(P. sylvestris, 88.7% tree cover) with some Norway spruce (Picea
abies, 8.8%) and larch (Larix decidua, 2.5%). Both Scots pine and
larch seed-dispersal starts in late spring, after snow melting,
while Norway spruce cones ripen in autumn and seed fall occurs
from winter until late spring. Mean energy content per cone is
7.5 kJ for Scots pine, 51.1 kJ for Norway spruce and 9.4 kJ for larch
(Salmaso et al., 2009).
The two sites are characterized by a continental pluviometric
regime typical of the central alpine region, with low to moderate
annual precipitation (2003e2009: mean  SD ¼ 564  226 mm in
Cancano, 809  233 mm in Oga) occurring mostly in summer. The
mountain pine forest has a high-elevation climate withmean annual
temperature below 3 C (2003e2009:mean SD¼ 2.6 0.5 C) and
long, cold winters (mean monthly temperatures below 0 C up to 6
months a year). Duration and depth of permanent snow cover vary
annually, but between 30 and 150 cmof snow tend to cover the study
site between early November and late AprileMay (Cancano meteo-
rological station, 1948 m a.s.l., A.R.P.A. Lombardy). Due to its lower
altitude, the Scots pine forest has awarmer climatewithhighermean
annual temperatures (2003e2009: mean  SD ¼ 8.1  0.6 C) and
mean monthly temperatures below 0 for no more than 3 months
a year (Bormio meteorological station, 1230 m a.s.l., A.R.P.A. Lom-
bardy). Inmost years, snowcovers the ground fromDecember till late
March.
2.2. Estimating food availability
Tree-seed abundance of conifers was estimated as described
elsewhere (Salmaso et al., 2009). Brieﬂy, we determined woodland
composition in 20 vegetation plots of 20 by 20 m (400 m2), centered
on the trapping stations. In each plot, the number of trees was
counted, and the diameter at breast height (DBH in cm) of two
randomly chosen mature trees, hereinafter called “sample trees”,
was measured. Each year (between 25 July and 5 August), the new
(current year) maturing cones were counted in the canopy of all
sample trees from a ﬁxed position using 10 40 binoculars. Average
numbers of seeds per cone and cone-energy value (kJ cone1) were
determined as in Salmaso et al. (2009). Themean energy production,
over all plots, was our estimate of annual seed production (Salmaso
et al., 2009). Overall seed-crop size (mean  SE) was
276  202 MJ ha1, 404  220 MJ ha1, and 767  274 MJ ha1,
respectively in 2006, 2007 and 2008 in the mountain pine forest
(Rodrigues et al., 2010), and 1732  419 MJ ha1, 391  82 MJ ha1,
557  85MJ ha1, 735  153MJ ha1 and 525  85MJ ha1 in 1999,
2000, 2001, 2002 and 2003, respectively, in the Scots pine forest
(Wauters et al., 2008).
In a second step, we estimated food availability in each squirrel’s
home range (home range quality) as the mean food abundance
(kJ ha1) of all vegetation plots within the 95% home range area
using the kernel estimator (KDE, see below). Seeds produced in
summereautumn of year t were considered available for squirrels
during the following ‘squirrel year’ (see Wauters and Lens, 1995),
i.e. from August of year t to July of year t þ 1.
2.3. Trapping and radio-tracking
Trapping was carried out in four to ﬁve periods per year, from
April 2006 to April 2009 in CAN, and in three periods per year (April,
JuneeJuly, October) fromApril 2000 to April 2006 in OGA. A trapping
session involved the use of 31 (mountain pine forest) or 25 (Scots
pine forest) ground-placed Tomahawk “squirrel” traps (models 201
and 202, Tomahawk Live Trap,WI, USA). Traps were placed on a grid,
with distances of 100e150 m between them and average density of
0.6e0.7 traps ha1. Trapping and handling were carried out as in
Wauters et al. (2008). Each trapped squirrel was individually marked
using numbered metal ear-tags (type 1003S, 10 by 2 mm, National
Band and Tag, Newport, KY, USA) and weighed to the nearest 5 g
using a spring-balance (Pesola AG, Baar, Switzerland). Sex, age and
reproductive condition (active ¼ reproducing, or not active ¼ non-
reproducing) were recorded following Wauters and Dhondt (1989,
1995). Trapping and handling squirrels complied with the current
laws on animal research in Italy and were carried out under
permission of the Region of Lombardy.
The minimum number of animals known to be alive from
capture-mark-recapture, radio-tracking and observations, during
each trapping period was used to estimate population size and
density of each sex. Previous studies on awide range of tree squirrel
populations have shown that these estimates are consistently close
to true squirrel densities (e.g. Kenward et al., 1998; Wauters et al.,
2004, 2008; Boutin et al., 2006).
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In Cancano,11 different adult squirrels were radio-collared (type
M1640 radio-collar, ATS Inc., Isanti, MN, USA) between April 2006
and October 2008. We monitored 2 males and 1 female in 2006, 3
males and 4 females in 2007, 3 males and 2 females in 2008. Two
females and 1 male were monitored in more than one year, for
a total of 24 range estimates. Within each season, between 60 and
100% of resident adults were radio-tracked (Rodrigues et al., 2010).
In Oga, in AprileJune 2000 and between April and September 2003,
we radio-collared 19 different adult red squirrels (6males, 4 females
in 2000; 6 males, 6 females in 2003, three of which, two males and
one female, already monitored in 2000) with adjustable necklace
transmitters (PD-2C transmitters, Holohil Systems Ltd., Carp,
Ontario, Canada or TW-4 transmitters, Biotrack Ltd., Wareham,
Dorset, UK). Total sample size was 28 range estimates. Within each
season, between 75 and 77% of resident adults were radio-tracked
(our unpubl. data).
We estimated locations (hereinafter called ﬁxes) to the nearest
10 by 10m by homing-in to the radio-signal (Wauters and Dhondt,
1992; Wauters et al., 2001) using a Wildlife TRX-2000S receiver
with a directional three-element yagi antenna (150e152 MHz,
Wildlife Materials Inc., Murphysboro, IL 62966, USA) and a hand-
held GPS (Garmin GPS-II plus). Data were converted to the Italian
coordinate reference system (Gauss-Boaga, West zone, ED50
datum). We monitored all squirrels for six to eight months (April/
MayeOctober/November) taking one or two ﬁxes per day (one
during morning activity bout, the second in the afternoon when
the animal was in or had left a nest, Wauters, 2000). The interval
between consecutive radio-tracking days was irregular. This
sampling interval avoided autocorrelation in location data (e.g.
Swihart and Slade, 1985). At each ﬁx squirrel activity (1 ¼ active,
2¼ in a nest) and tree species used (or ground) were recorded. Per
year, we estimated home ranges at a seasonal basis: springe
summer (AprileJuly) and autumn (SeptembereNovember).
However, in 2006 (mountain pine forest) a single springesummer
range (MayeSeptember) was estimated. In each season, the
location of each drey (nest site) was only used once in data
analyses to avoid clumping of ﬁxes caused by repeated use of
single dreys. Within each radio-tracking period (season in year),
we collected between 15 and 117 ﬁxes per animal (n ¼ 52 ranges,
mean SD¼ 38 18), which was sufﬁcient to describe adequately
squirrels’ home ranges (e.g. Lurz et al., 2000; Wauters et al., 2001).
2.4. Home range and core area estimators
We analyzed all data on home range size, core area size, and
overlap of home ranges with the RANGES 6 program (Kenward
et al., 2003).
Based on earlier work (Wauters et al., 2005, 2007) we calcu-
lated home range size using the 100% minimum convex polygon
(100% MCP) and the 95% ﬁxed kernel probability density esti-
mator with reference smoothing factor (95% KDE with href).
Method used to calculate bandwidth h strongly affects KDE home
range estimates (e.g. Seaman and Powell, 1996; Hemson et al.,
2005). To avoid overestimation with KDE we used the adjusted
h (hadj ¼ 0.75  href in our case) proposed as recalculated band-
width to produce more reliable home range and core area esti-
mates (Wauters et al., 2007). The 95% KDE contours eliminated
outliers, thus excluding the sally zones (Di Pierro et al., 2008)
from the estimated home range size. Core area size was esti-
mated using the 85% minimum convex polygon (85% MCP) and
85% KDE (see also Lurz et al., 2000; Wauters et al., 2005). The two
home range estimators and two core area estimators were
strongly correlated (all r > 0.92, P < 0.0001). Therefore, we only
used 95% KDE and 85% MCP in our models exploring variation in
home range and core area size. Our range size estimates were not
affected by the number of ﬁxes used to calculate range size
(for all estimators n ¼ 52, r < 0.22, P > 0.10).
Core area overlap was calculated using the 85% MCP. Within
each season and year, core area overlap was calculated by summing
the percentages of overlap of a squirrel’s core area with the core
area of all other squirrels of either sex (Wauters and Dhondt, 1992).
2.5. Statistical analyses
Individual variation in home range and core area size was
investigated using General Linear Mixed Models (GLMM, Proc
mixed, SAS 1999) with individual added as a repeated measure to
account for pseudoreplication (Verbeke andMolenberghs, 2000). In
each analysis we started from a saturated model with the depen-
dent variable log-transformed home range size (ln 95% KDE) or log-
transformed core area size (ln 85%MCP), and study site, sex, season,
density same sex, density other sex (spring or autumn density in
a given year), log-transformed home range quality, and all 2-way
interactions with site, sex, season and home range quality. Data on
home range (core area) size and home range quality met assump-
tions of homogeneity of variances after log-transformation. The
distribution of the residuals was explored using the ShapiroeWilk
statistic and did not deviate fromnormality. In squirrels, variation in
home range quality explains most of the between year variation in
home range size (e.g. Wauters and Dhondt, 1992; Lurz et al., 2000;
Di Pierro et al., 2008), therefore year was not added as ﬁxed effect.
We compared three different correlation structures of the residual
correlation matrix (SIMPLE, corresponding to the absence of an
effect of repeated measures on an individual, CS ¼ compound
symmetry, assuming a correlation between two measures on the
same individual that does not vary over time, AR(1) ¼ ﬁrst order
autoregression assuming that the correlation between two
measures on the same individual is a function of the time-interval
between them, Verbeke and Molenberghs, 2000). Models with
simple correlation structure had the smaller values of Schwarz’s
Bayesian Information Criterion, indicating better ﬁt (Verbeke and
Molenberghs, 2000). After selecting the simple correlation struc-
ture, we continued testing ﬁxed effects and performed model
selection using a backward procedure. Degrees of freedom and
standard errors of F- and t-tests were obtained using Kenwarde
Rogersmethod (Verbeke andMolenberghs, 2000). Interpretation of
ﬁnal models were based on differences of least square means
(DLSM).
Data of bodymass and reproductive conditionwere not available
for all animals in each study period, thereforewe tested their effects
on home range and core area size for a subset of data. Since repro-
ductive condition differs between the sexes (males: not active with
abdominal testes, or active with scrotal testes; females: not active,
anoestus andnot lactating, or activewhenpregnantor lactating),we
used separate General Linear Mixed Models for males and females,
with log-transformed home range or core area size as dependent
variable and body mass and reproductive condition as explanatory
variables, with individual added as a repeated measure.
An important parameter of spacing behavior in squirrels is the
pattern of core area overlap (Wauters and Dhondt, 1992). Core area
overlap data met assumptions of homoscedasticity. We used % core
area overlap with animals of either sex as dependent variable in our
models testing for variation in core area overlap. We tested the
ﬁxed effects of sex, sex of the overlapping animal, study site and
season, and a sex by overlapping sex interaction (e.g. Wauters et al.,
2005). The distribution of the residuals did not deviate from
normality. The interaction term allowed us to explore whether
overlap differed among the sexes, in other words whether there
were differences in overlap for male by males, male by females,
female by males and female by other females. Adding 3-way
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interactions of sex  overlapping sex with site and season allowed
us to investigate whether patterns of intra- and/or inter-sexual
overlap differed among sites or seasons. Individual was included as
a repeated measure and the modeling procedures were identical to
models of home ranges size. Using square-root proportion overlap
gave similar results (data not shown).
All tests of signiﬁcance are two-tailed and the signiﬁcance level
was set at 0.05. Unless otherwise indicated values are presented in
the text as mean  SD.
3. Results
3.1. Home range and core area size
On average, home range quality was larger in Scots pine than in
mountain pine forest (Scots pine forest n ¼ 28, 912  781 MJ ha1;
mountain pine forest n ¼ 24, 477  220 MJ ha1 F1, 50 ¼ 6.95,
P ¼ 0.011).
Squirrels in mountain pine forest had larger home ranges than
in Scots pine forest and, in both sites, males used larger home
ranges than females (Tables 1 and 2). The partial effect of season
was not signiﬁcant (Table 2). A site by home range quality inter-
action indicated that the relation between home range quality and
home range size differed between sites (Table 2): therefore we
tested the effect of sex, season, ln home range quality, density same
sex and density other sex on home range size for mountain pine
and Scots pine forest separately.
In mountain pine forest, males had larger home ranges than
females (Sex effect F 1, 21 ¼ 18.4, P ¼ 0.0003, Table 1). HRQ was
negatively related with home range size, indicating that squirrels
used smaller ranges when tree-seed abundance inside the home
range was high (ln HRQ F1, 21 ¼ 8.33, P ¼ 0.009, b ¼ 0.70  0.24,
Fig. 1). In Scots pine forest, there was no effect of HRQ (ln HRQ F1,
25 ¼ 1.07, P ¼ 0.31, Fig. 1). Males tended to use larger ranges than
females, although the sex effect was not signiﬁcant (F1, 26 ¼ 3.63,
P ¼ 0.068, Table 1). There was no effect of season, male or female
density in any of the two sites (all P > 0.10).
Male squirrels also had larger core areas than females and
squirrels used larger core areas in mountain pine than in Scots pine
forest (effect of site as single factor on core area size F1, 50 ¼ 24.9,
P < 0.0001), but the partial effect of site in the GLMM was not
signiﬁcant (Tables 1 and 2). Although core areas tended to be larger
in springesummer than in autumn, the season effect was not
signiﬁcant (Tables 1 and 2). Squirrels reduced their core areas when
density of animals of the same sex increased (Table 2,
b ¼ 9.63  2.87, Fig. 2).
We also explored variation in core area size for the two sites
separately. In mountain pine forest, males had larger core areas than
females (sex effect F1, 21 ¼ 30.5, P < 0.0001) and core area size
decreased with increasing density of animals of the same sex
(F1, 21¼11.1, P¼ 0.003, b¼ 9.6 2.9, Fig. 2), while the partial effect
of HRQ was negative, but not signiﬁcant (ln HRQ F1, 20 ¼ 2.87,
P¼ 0.11, b¼0.43 0.25). In contrast, in Scots pine forest there was
no relationship with any of the variables or with season (all P> 0.10)
and also the sex effect was not signiﬁcant (F1, 26 ¼ 1.74, P ¼ 0.20).
For either males or females, there was no relationship of body
mass and reproductive conditionwith home range or core area size
(all P > 0.40).
3.2. Core area overlap
Percentage of core area overlap ranged between 0 and 174%
(n ¼ 104). There was no interaction with study site and no effect of
study site on degree of overlap (sex by overlapping sex by site F3,
62¼1.80, P¼ 0.16; site effect F1, 46¼ 0.48, P¼ 0.49), hence patterns of
overlap were similar in both sites (Table 3).
Table 1
Home range size (100% MCP and 95% KDE estimators) and core area size (85% MCP and 85% KDE estimators, see methods) of Eurasian red squirrels in two study sites in the
Central Italian Alps. Range size (mean  SD, in ha) per study site and sex and per site, sex and season.
Site Sex Home range size (ha) Core area size (ha)
100% MCP 95% KDE 85% MCP 85% KDE
CAN M (n ¼ 13) 27.17  17.38 23.13  12.73 15.29  7.59 17.15  10.04
F (n ¼ 11) 10.78  4.47 9.68  4.47 6.01  2.50 6.97  3.20
OGA M (n ¼ 15) 9.58  5.81 8.36  5.97 5.20  3.64 6.09  4.01
F (n ¼ 13) 5.45  3.00 4.75  2.32 3.21  1.45 3.64  1.86
CAN
Spresum M (n ¼ 7) 38.15  16.36 30.88  11.48 20.25  5.68 25.59  9.17
F (n ¼ 6) 12.15  4.46 10.71  5.39 6.86  2.66 7.89  3.79
Autumn M (n ¼ 6) 14.35  6.16 14.08  6.97 9.51  5.01 9.64  3.95
F (n ¼ 5) 9.13  4.34 8.44  3.18 5.00  2.12 5.87  2.22
OGA
Spresum M (n ¼ 10) 8.92  5.06 7.12  3.73 4.60  2.34 5.21  2.84
F (n ¼ 7) 7.00  3.37 5.84  2.70 3.84  1.76 4.55  2.16
Autumn M (n ¼ 5) 10.89  7.55 10.84  9.03 6.40  5.60 7.85  5.68
F (n ¼ 6) 3.64  0.82 3.48  0.74 2.48  0.41 2.57  0.41
Table 2
General Linear Mixed Models exploring variables and factors explaining variation in
home range size (ln 95% KDE estimator) and core area size (ln 85% MCP estimator)
among red squirrels radio-tracked in two study sites in the Central Italian Alps. A
stepwise backward selection removed non-signiﬁcant variables and factors.
HRQ ¼ home range quality.
Dependent variable Home range size Core area size
Variables and factors removed
Site  season F1, 39 ¼ 0.35; P ¼ 0.56 F1, 39 ¼ 0.22; P ¼ 0.64
Site  sex F1, 40 ¼ 0.65; P ¼ 0.43 F1, 40 ¼ 0.40; P ¼ 0.53
Sex  season F1, 41 ¼ 0.93; P ¼ 0.34 F1, 41 ¼ 0.93; P ¼ 0.34
Density other sex F1, 42 ¼ 0.03; P ¼ 0.87 F1, 42 ¼ 0.01; P ¼ 0.97
ln HRQ  season F1, 44 ¼ 2.69; P ¼ 0.11 F1, 43 ¼ 1.87; P ¼ 0.18
ln HRQ  sex F1, 43 ¼ 3.89; P ¼ 0.06 F1, 44 ¼ 2.87; P ¼ 0.10
Season F1, 45 ¼ 1.63; P ¼ 0.21 F1, 45 ¼ 3.20; P ¼ 0.081
Density same sex F1, 46 ¼ 2.59; P ¼ 0.11
ln HRQ  site F1, 46 ¼ 1.95; P ¼ 0.17
ln HRQ F1, 47 ¼ 0.02; P ¼ 0.89
Selected model
Sex F1, 47 ¼ 16.2; P ¼ 0.0002 F1, 48 ¼ 24.7; P < 0.0001
Site F1, 47 ¼ 8.26; P ¼ 0.006 F1, 48 ¼ 0.43; P ¼ 0.51
ln HRQ F1, 47 ¼ 2.61; P ¼ 0.11
ln HRQ  site F1, 47 ¼ 7.07; P ¼ 0.011
Density same sex F1, 48 ¼ 11.2; P ¼ 0.0016
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In general, percentage overlap of a squirrel’s core area was
higher with the core areas of males than with females (effect of
overlapping sex F1, 48 ¼ 14.5, P ¼ 0.0004), but patterns of core area
overlap also differed between males and females (sex by over-
lapping sex interaction F1, 48 ¼ 12.0, P ¼ 0.001). On average, males
were overlapped to a similar degree by other males and by females
(mean SE:male bymales 29 6%,male by females 24 6%, DLSM
P ¼ 0.88), but females were more strongly overlapped by males
than by other females (mean  SE: female by males 62  11%,
female by females 9.8  2.8%, DLSM P < 0.0001). As far as inter-
sexual overlap was concerned, females were overlapped more
strongly by males than males by females (DLSM P ¼ 0.005).
Although the degree of intra-sexual overlap was on average 19%
higher among males than among females, it did not differ signiﬁ-
cantly between the sexes (DLSM P ¼ 0.19).
Overlap among squirrel core areas tended to be higher in
springesummer than in autumn (Table 3, F1, 48 ¼ 3.49, P ¼ 0.068),
while the season by sex by overlapping sex interaction was not
signiﬁcant (F3, 65 ¼ 2.27, P ¼ 0.09). Exploring the pairwise
comparisons (overlap in springesummer against autumn for each
sex by overlapping sex combination), the degree of overlap of
a female’s core area bymales was higher in springesummer than in
autumn (DLSM P¼ 0.004). In contrast, there was no effect of season
on the degree of male by males, female by males or female by
females overlap (DLSM all P > 0.2).
4. Discussion
In Eurasian red squirrel, home range and core area size is usually
dependent on several factors, such as animal density, season and
habitat quality: hence, space use in this species can be complex and
variable in space and time (Wauters and Dhondt, 1992, 1998; Lurz
et al., 2000; Wauters et al., 2001, 2005). In particular, an inverse
relationship between food abundance and home range size is
commonly observed not only in Eurasian red squirrel (Wauters and
Dhondt, 1992; Lurz et al., 2000;Wauters et al., 2005; Di Pierro et al.,
2008), but in many vertebrate populations in temperate regions
(e.g. Simon, 1975; Hixon, 1980; Taitt and Krebs, 1981; Tufto et al.,
1996; McLoughlin et al., 2000; Herﬁndal et al., 2005; reviewed in
Adams, 2001).
In this study, food availability within a squirrel’s home range
was on average lower in the marginal mountain pine forest than in
the Scots pine forest. Consequently, and in agreement with our ﬁrst
prediction of food-based differences in home range size, males and
females in themarginal site used larger home ranges and core areas
than in Scots pine forest. Moreover, the two sites also differed in
temporal seed availability. In the Scots pine forest, conifer seeds
were available for squirrels throughout most of the year, because
some tree species (larch) had earlier seed maturation than others
and cones of Norway spruce retain some of their seeds until the
next spring. Consequently squirrels had access to (immature and/or
mature) conifer seeds frommid June (immature larch seeds) to late
AprileMay (seeds in partly open spruce cones; Wauters et al.,
2005). In contrast, the mountain pine area is a monospeciﬁc
forest where squirrels must deal with shortage of high-energy food
resources during late springeearly summer, after complete
dispersal of dwarf mountain pine seeds and before seedmaturation
of the current year’s cone crop. The importance of seasonal food
shortage in this marginal habitat was also supported by our
observations of squirrels feeding on small, partly developed cones
in July, while the ﬁrst immature fresh but full sized seeds of P. mugo
were extracted by early-mid August, 40e50 days later than
immature larch seeds in the Scots pine forest. Hence, we believe
that the shorter temporal availability of conifer seeds and the lower
seed abundance in the mountain pine forest were the major
determinants of habitat variation in space use, with red squirrels of
both sexes using larger home ranges in the marginal than in the
higher-quality habitat.
Individual variation in home range size was more strongly
affected by variation in seed abundance in the marginal habitat,
where range size increased with decreasing home range quality. In
the Scots pine forest this relationship was not found. Since density
of competitors and/or reproductive partners affects space use and
social behavior in many territorial vertebrates (e.g. Erlinge et al.,
1990; Fortier and Tamarin, 1998; Bond and Wolff, 1999; Revilla
and Palomares, 2002; Kjellander et al., 2004), we expected that in
the high-quality Scots pine forest home range or core area size
would be more strongly affected by (intra-sexual) squirrel density
(e.g. Wauters and Dhondt, 1992, 1998). However, this was not the
case. Core area size of squirrels of either sex decreased with
increasing density of animals of the same sex, but this relationship
wasmost pronounced in themarginal habitat. Density only affected
variation in core area and not home range size, suggesting that
behavior related to intraspeciﬁc (and intra-sexual) competition is
linked to areas of intensive, every-day use, a common pattern for
Fig. 1. Relationship between food abundance within the home range (HRQ) and home
range size of red squirrels in two pine forests in the Italian Alps.
Fig. 2. Relationship between density of animals of the same sex and core area size of
male and female red squirrels in two pine forests in the Italian Alps.
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vertebrates in resource-limited habitats (McLoughlin et al., 2000;
Steury and Murray, 2003; Kerr and Bull, 2006; Di Pierro et al.,
2008).
In the marginal high-elevation mountain pine forest, weather-
related energy constraints could become a limiting factor during
winter, affecting squirrel space use, but our current data do not
allow to explore these potential effects. Deep snowcover within the
dense forest made it very difﬁcult to access the study area inwinter
and to radio-track squirrels by homing-in, necessary to obtain
reliable space use (exact locations) data. Hence, our space use
monitoring was limited to springeautumn when weather condi-
tions were less harsh.
The Eurasian red squirrel is a solitary species with intra-sexual
territoriality among adult females (Wauters and Dhondt, 1989,
1992) and a promiscuous mating system where older, dominant
males increase their home ranges to overlap with more potential
partners (Wauters et al., 1990; Lurz et al., 2005). Consequently, in
most populations, males strongly overlapwith females, while intra-
sexual overlap is low among females and higher (and proportional
to density) among males (Wauters and Dhondt, 1992; Lurz et al.,
2000; Wauters et al., 2001, 2005; Di Pierro et al., 2008). In this
study we found a slightly different pattern: adult females showed
intra-sexual territoriality in both sites, while intra-sexual overlap
among males was typically high in springesummer but strongly
reduced in autumn in the marginal habitat (see Table 3). Moreover,
in both sites females were overlapped more strongly by males in
springesummer than in autumn. In the mountain pine forest,
higher female by males and male intra-sexual core area overlap in
springesummer was associated with males using larger home
ranges and core areas in this season than in autumn, but this was
not the case in the Scots pine forest (see Table 1). A possible
explanation is that at low densities of adults (mountain pine forest,
males 0.040e0.15 ha1, females 0.037e0.093 ha1 over 3 years,
Rodrigues et al., 2010), males have to increase home ranges (and
core areas) in springesummer to meet potential partners, while at
relatively high densities (Scots pine forest, males 0.18e0.31 ha1,
females 0.16e0.27 ha1, over 6 years) males overlap with several
females without having to enlarge their home ranges during the
mating season.
Finally in our marginal population, intra-sexual territoriality
remained high and stable across years. This is to some extent in
contrast with a cost-beneﬁt model proposed ﬁrst by Carpenter and
MacMillen (1976) and later by Maher and Lott (2000), according to
which territorial behavior should occur only at intermediate levels
of food availability, becoming disadvantageous outside upper and
lower thresholds of food abundance. Several empirical studies have
supported this model (e.g. Carpenter and MacMillen, 1976; Kodric-
Brown and Brown,1978; Hannon et al., 1987;Maher,1994), and also
in Eurasian red squirrels in mixed conifer forests the social system
was disrupted after a Norway spruce seed-crop failure (Wauters
et al., 2005). However, in the latter case, food availability was
extremely low before squirrels strongly increased core areas and
core area overlap, and we believe that in the three-year period we
studied spacing patterns at the mountain pine forest, no situations
of either extremely high or low seed-crop size occurred.
In conclusion, our study design did not allow us to determine
the effects of distributionmarginality on squirrel space use by itself.
However, the low food abundance and low population densities,
linked with extreme winter conditions (Rodrigues et al., 2010), in
the marginal mountain pine forest affected space use, forcing
squirrels, especially males, tomaintain large home ranges. Squirrels
responded more strongly to variation in food availability (inverse
relation between home range size and HRQ), and even to ﬂuctua-
tions in density (inverse relation between core area size and
density of animals of the same sex), in the mountain pine than in
the Scots pine forest, suggesting high behavioral plasticity to
respond to the ecological constraints in this marginal habitat.
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